ABSTRACT: Combined computational-experimental studies were carried out to parallel two mechanistic models for tetrahydropyranylation of alcohols catalyzed by Schreiner's thiourea. The results challenge the common mechanistic view that the catalytic effect is related to stabilizing double hydrogen-bonding interactions between the thiourea and the alcohol, which promote the attack on 3,4-dihydro-2H-pyran (DHP; HB mechanism). In the alternative mechanism we propose, thiourea acts as a Brønsted acid, protonating DHP to form an oxacarbenium ion, which reacts with the alcohol (BA mechanism). Computations point to clear preference of transition states associated with the BA mechanism and, accordingly, predict similar catalytic activity for Nmethylated thiourea and thiouracil. These predictions are confirmed experimentally. Reactions with deuterated alcohols yield both syn and anti products, providing further support for the Brønsted acid mechanism.
INTRODUCTION
Hydrogen bond catalysis has emerged as a fruitful strategy in organic synthesis, particularly in enantioselective organocatalysis. 1 The organocatalytic approach employs small chiral organic molecules often involving hydrogen bond donor functionalities to promote asymmetric transformations. Thiourea derivatives represent a privileged class of organocatalysts developed along these lines. 2 The catalytic activity of these compounds is generally associated with the ability of forming double H-bonds with substrates, which can favorably preorganize and activate the reacting partners. 3 Multiple H-bonding interactions can also significantly stabilize anionic species and transition states (TSs) involved in the reaction, thus allowing kinetically more advantageous pathways.
implied by the barriers obtained for the uncatalyzed and thiourea-catalyzed reactions. The concept of double Hbond catalysis could thus be extended to alcohol activation as well.
Scheme 2: Two alternative mechanistic pathways for tetrahydropyranylation of alcohols (HB: hydrogen bonding, BA: Brønsted acid).
In the meantime, the Brønsted acidity of the most popular thiourea-based organocatalysts has been systematically investigated by evaluating the pK a values in DMSO. 17 As a result of the combined effect of the four CF 3 groups, the pK a of thiourea 1 was found to be fairly low (8.5), "well below the common expectation for a thiourea derivative", as noted by the authors. This value classifies Schreiner's thiourea as a weak Brønsted acid and brings up an alternative mechanistic scenario for the tetrahydropyranylation reaction. Namely, the addition of alcohol may proceed via protonation of DHP by acidic 1 resulting in an oxacarbenium ion intermediate (DHPH + ), which is then attacked by the alcohol to give the tetrahydropyran product and the catalyst (see BA mechanism in Scheme 2). Depending on the concerted or stepwise nature of these steps, and the relative energies of the involved ion-pair intermediates, this scenario may correspond either to specific or general acid catalysis. 18 We note, however, that the term "acid catalysis" is sometimes used even for HB-type mechanisms where no proton transfer occurs, which we clearly distinguish here. 19 In our present work, we aimed to assess the feasibility of the two mechanistic pathways by a comparative computational study. We paralleled the alternative mechanisms by locating the key transition states and related intermediates along the two reaction pathways, which allowed us to estimate the overall activation barriers. Our analysis indicates a clear preference for the Brønsted acid catalyzed pathway. Encouraged by these results, we sought and found experimental evidence in support of the BA mechanism, which is also reported in this paper. As part of these efforts, we demonstrate that the commercially available thiouracil can be used as an organocatalyst in this reaction, and it may thus efficiently promote related transformations as well.
COMPUTATIONAL DETAILS
The molecular model we considered to compare the two mechanistic pathways is identical to that used by Kotke and Schreiner in their original work; 13 i.e., it includes thiourea 1, DHP and a methanol molecule. MeOH is a representative of a family of alcohols tested experimentally for tetrahydropyranylation reactions catalyzed by 1.
The choice for this model substrate is justified by its size (conformational simplicity) and by its acidity as well.
Methanol is the most acidic simple aliphatic alcohol, so one expects to get a lower bound for the HB barrier.
We applied density functional theory (DFT) to characterize the electronic structure of the species assumed to be involved in the reaction. The DFT calculations (geometry optimizations and vibrational analysis) were carried out with the dispersion-corrected, range-separated hybrid ωB97X-D exchange-correlation functional 20 along with the 6-311G(d,p) polarized triple-ζ basis set 21 as implemented in the Gaussian09 package. 22 The located structures were characterized as energy minima or transition states (TSs) based on the number of imaginary vibrational frequency (zero or one). From the TSs, we followed the intrinsic reaction coordinate (IRC) pathways in both forward and reverse directions, using a Hessian-based predictor-corrector algorithm, 23 and we identified the related intermediates accordingly. For each located structure, single-point energies were calculated as well with the larger, 6-311++G(3df,3pd) basis. 21 In all DFT calculations, the ultrafine integration grid was employed to warrant the accuracy of numerical integration.
The thermal and entropic contributions were estimated within the ideal gas -rigid rotor -harmonic oscillator approximation for T = 298.15 K and c = 1 mol/dm 3 conditions. The solvent effects were taken into account as well by computing the solvation free energies (at the ωB97X-D/6-311G(d,p) level) via the integral equation formalism variant of the polarizable continuum model (IEFPCM). 24 The atomic radii and non-electrostatic terms in the IEFPCM calculations were those of the SMD solvation model. 25 The solvent medium used in the experimental setup does not involve a single solvent (typically a 2:1 ratio of DHP and alcohol was used without any additional solvent), so the choice of the solvent for the implicit solvent model is not trivial. As DHP is not parameterized as a solvent in Gaussian, we used tetrahydrofuran (THF) in our PCM calculations to model the ethereal medium.
The energy values reported in the paper correspond to solution phase Gibbs free energies, which are obtained from B97X-D/6-311++G(3df,3pd) electronic energies and all additional terms computed at the
This computational approach is certainly not expected to provide accurate free energy data mostly due to the empirical ingredients of the solvent model and the approximations employed in the calculation of gas-phase entropic contributions. Furthermore, the alternative acid-base mechanism we examine computationally involves ionic intermediates, which represents further challenge for modeling. In light of a recent critical report that highlighted the limitations of theoretical mechanistic studies (for alcohol-mediated Morita Baylis-Hillman reactions), 26 we performed comprehensive test calculations covering the most relevant approximations (functional, basis set, thermal and entropic contributions, solvent effects). These tests, presented in the Supporting Information, demonstrate that our qualitative conclusions regarding the feasibility of the two alternative mechanisms remain valid at all levels of theory.
RESULTS

H-bond catalyzed pathways.
According to the HB mechanism, the tetrahydropyranylation reaction occurs via a complexed methanol intermediate (1•MeOH), which attacks the DHP molecule. The half-chair conformation of the enol-ether ring allows two different pathways for the methanol attack (see Figure 1 ). We examined both pathways and located the transition states of thiourea-assisted alcohol addition. Of the two structures, TS HB-1 (-attack) is analogous to that reported by Kotke and Schreiner, 13 and it is predicted to be slightly favored as compared to TS HB-2 (-attack). The barriers represented by these TSs are fairly high. 27 The IRC calculations initiated from the located TSs corroborate that the proton shift to the C 5 atom of DHP and C 6 -O bond formation are concerted but highly asynchronous processes (proton transfer is well ahead of methoxide migration). These results are in good agreement with those reported previously. 13 We note that the stepwise version of the HB mechanism involving a thiourea stabilized methoxide/oxacarbenium intermediate is quite unlikely, because our calculations indicate that the H-bonded 1•MeO − species undergoes a spontaneous deprotonation of the catalyst. This is actually in line with the large difference in Brønsted acidities of 1 and methanol (pK a values in DMSO are 8.5 and 29.0, respectively).
17,28
Brønsted acid catalyzed pathways. In the BA mechanism of reaction 2 shown in Scheme 1, the catalytic cycle begins with a proton transfer from catalyst 1 to DHP. The resulting oxacarbenium ion then reacts with an alcohol, which adds to the electrophilic carbon and returns the proton to the conjugate base of the catalyst. Various reaction pathways corresponding to the three conformers of thiourea 1 (shown in Chart 2), and proton transfers to either side of DHP were examined in our study. We employed the same 1/DHP/MeOH termolecular model as The energetically most favored transition state (TS BA-1 ) displays the E,Z-orientation of thiourea's N−H bonds, 29 and the protonation takes place on the -side of the DHP molecule. The proton transfer is coupled with the addition of MeOH, which is initially bound to 1 via an S•••H−O type hydrogen bond. The reaction thus occurs in a single step, 30 but in a highly asynchronous manner, as the C−O bond formation and the related proton shift to the S atom of the catalyst lag behind the DHP protonation process. Importantly, transition state TS BA-1 is predicted to be significantly more favored (by 6.5 kcal/mol) than TS HB-1 identified as the most stable TS for the HB mechanism.
31
For the protonation on the -side of DHP (with the same E,Z form of the catalyst), we found a similar and a slightly more favored TS (at +27.8 kcal/mol; not shown in Figure 2 ), but in this case, the second phase of the reaction (i.e., the nucleophilic attack of MeOH) could be characterized in terms of a distinct TS (TS BA-2 in Figure   2 ). This latter structure is computed to be at +29.2 kcal/mol on the free energy scale, still notably lower than TS HB-1 . The two transition states along this pathway are separated by a high-lying contact ion-pair species ([1 dp ] − •DHPH + •MeOH, where [1 dp ] − denotes the deprotonated catalyst; see Figure 3 , left) being at +26.9 kcal/mol, Analogous transition states related to the reaction with the Z,Z and E,E forms of catalyst 1 could also be identified computationally, and they are found to be at about 30-31 kcal/mol in free energy (TS BA-4 shown in Figure 2 corresponds to protonation by 1-E,E).
The BA pathways discussed in this section account well for product formation, but the catalyst is transferred into the iminothiol tautomeric form. Alcohol catalyzed tautomerization is a feasible option to regenerate the original form of 1 and to close the catalytic cycle. The computed barrier for this process is 6.0 kcal/mol (for details, see Supporting Information). Alternatively, the thiol isomer might be a catalytically active species as well, so thiourea 1 could function as a tautomeric catalyst. 33 This is exemplified by TS BA-5 located for this scenario (see Figure 2 ), although the computed barrier (31.2 kcal/mol) is somewhat higher than those presented above.
Competing BA pathways without the involvement of catalyst tautomerization may also exist. For instance, we find that the [1 dp ] − •DHPH + •MeOH ion-pair species can undergo a facile structural rearrangement (migration of MeOH to form a hydrogen bond with the N atom of the [1 dp ] − anion; see Figure 3 , right), which then provides an alternative MeOH addition pathway that regenerates 1 directly (the proton is shifted to the N atom altering the relative position and orientation of the [1 dp ] − and DHPH + ions may also take place in the contact ionpair species. Our calculations indicate that the dissociation of the [1 dp ] − •DHPH + •MeOH ion-pair (into [1 dp ] − •MeOH and DHPH + ) cannot be ruled out either as the dissociated state of the ion-pair is predicted to be only 1.9 kcal/mol less stable than the contact form.
The ion-pair formation may also occur via concerted proton shifts as illustrated in Figure 4 (1 to MeOH and MeOH to DHP), which represents another possible BA type pathway in the reaction. The barrier computed for this proton shuttle mechanism is 30.6 kcal/mol, which is again comparable to those reported in Figure 2 . The corresponding ion-pair species lies at +28.6 kca/mol (see [1 dp ] − •DHPH + •MeOH PS in Figure 4 ). The second step on this pathway of course requires structural rearrangements to enable the C-O bond formation (not investigated here). 
1-DHP adducts as off-cycle species.
Although the main focus of our present work is to contrast the HB and BA mechanistic models, we examined other conceivable reaction pathways relevant to the catalytic process. For instance, the nucleophilic attack of the deprotonated catalyst [1 dp ] − to oxacarbenium DHPH + is a viable reaction.
The calculations reveal that the adduct formation can occur either from the ion-pair intermediate, or via a concerted mechanism with overall barriers similar to methanol addition (28-30 kcal/mol, see Supporting Information). Both types of nucleophilic attacks (i.e., those of N and S atoms in [1 dp ] − ) lead to fairly stable adduct species as predicted by computations. The most stable forms of these adducts are depicted in Figure 5 . The obtained free energy data suggest that 1-DHP adducts are possible off-cycle species in the catalytic process of tetrahydropyranylation; however, the addition of MeOH to DHP is clearly favored thermodynamically (G = -6.6 kcal/mol), so we do not expect the 1-DHP adducts to be present in detectable concentration in the reaction mixture. Computational screening of other catalysts. As illustrated by the transition states depicted in Figure 2 , the BA mechanism of thiourea catalysis does not require the parallel orientation of the two N-H bonds as only one of these units is engaged in substrate activation. On the contrary, the concept of thiourea-based H-bond catalysis relies on the cooperative action of two properly aligned N-H groups. In that respect, the two thiourea derivatives shown in Chart 3, i.e., thiouracyl (4) and N-methylated Schreiner's thiourea (5) cannot be regarded as ideal HBcatalysts for the DHP + alcohol reaction, but they may operate via the BA mechamism similarly to 1.
Computations support this view because the barriers represented by transition states located along the BA pathways in the DHP + MeOH reaction catalyzed by 4 and 5 ( Figure 6 ) fall in the 29-31 kcal/mol range, similarly to that obtained for catalyst 1. Experiments. The computational analysis presented in the preceding sections establishes that the thioureacatalyzed tetrahydropyranylation of alcohols may proceed via Brønsted acid mechanism, and if so, compounds 4 and 5 may also show catalytic activity in these reactions. The latter prediction could actually be confirmed experimentally. DHP was reacted with several alcohols in the presence of compounds 1, 4 and 5. We selected two alcohols for the comparative studies: benzyl alcohol (6) characterized as the most reactive substrate by Kotke and Schreiner, 13 and 3-phenyl-propan-1-ol (7), which is also reactive but it contains a longer aliphatic chain. The reactions were carried out using the original procedure, and the conversions were determined by GC. The results reported in Table 1 confirm the predicted reactivity of thiourea derivatives 4 and 5 as they are found to perform similarly to 1. Significant conversions are obtained already after 6 hours for both alcohols, and all reactions are completed within 24 hours. The reactions were performed with 5 mmol alcohol (6, 7), 10 mmol 3,4-dihydro-2H-pyran, and catalysts with indicated loadings. In the absence of catalysts, the product was not formed. The conversion was determined with GC-FID.
b For 2-thiouracil, the loading corresponds to nearly saturated solutions.
Experiments were also designed to examine the stereochemistry of alcohol addition, which is pertinent to the mechanism of catalytic tetrahydropyranylation. In these experiments, we used a conformationally rigid DHP The computational analysis presented in this paper, namely that the rate-determining transition states correspond to protonation processes, and also that the ion-pair intermediates identified along the BA pathways lie close to these transition states, suggests that the underlying reaction mechanism falls into the category of general acid catalysis. To assess this experimentally, we reacted DHP with CD 3 OD in the presence of deuterated catalyst
1-D 2 (Scheme 4).
Scheme 4: Addition of deuterated methanol to DHP in the presence of 1-D 2 . Products having no deuterium at the carbon of the THP ring originate from 1 and the water content of reagents (see Supporting Information).
In case of fast equilibrium between the reactants and the ion-pair intermediate (i.e. specific acid catalysis) one expects a mixture of singly and doubly deuterated THP products, however, the latter species could not be detected in our experiments implying that the reaction indeed proceeds under general acid catalysis.
CONCLUSIONS
Transition state stabilization through double H-bonding interactions is a generally accepted concept in thiourea organocatalysis. This concept has been previously adopted to interpret the remarkable catalytic effect of Schreiner's thiourea 1 in tetrahydropyranylation of alcohols as well. The computational analysis presented in this article reveals an alternative mechanistic scenario, wherein thiourea 1 acts as a Brønsted acid rather than a double H-bond donor. The simple termolecular model used in our (and previous) theoretical studies is certainly insufficient to address the profound mechanistic details of this reactions (this was out of scope of our present work); however, the difference found in the activation barriers related to the two mechanisms is convincingly large to draw conclusions. 37 Predictions regarding the reactivity of thiourea derivatives 4 and 5 were confirmed experimentally. These compounds lack the ability to form stabilizing double H-bonding interactions, but they do promote tetrahydropyranylation reactions very similarly to Schreiner's thiourea. The readily accessible thiouracil or its derivatives may thus be considered in organocatalytic applications.
The formation of both syn and anti products in tetrahydropyranylation with deuterated alcohols suggests that the protonation of DHP and the formation of the C-O bond occur in two distinct steps. Some of the Brønsted acid catalysis pathways characterized computationally in our present work (pathways corresponding to TS BA-2 and TS BA-6 ) involve deprotonated catalyst/alcoholate ion-pair intermediates and are thus consistent with this finding.
On the other hand, BA pathways featuring a one-step concerted alcohol addition (TS BA-1 , TS BA-3 , TS BA-4 and TS BA-5 ) can be ruled out based on the above experiment. Further theoretical mechanistic studies employing more advanced computational approaches (including a number of alcohol molecules in the model, and using molecular dynamic simulations) are needed to gain more insight into the reaction mechanism. Double H-bond stabilization remains an invaluable concept in thiourea catalysis; however, the results presented in this paper indicate that the electron deficient thiourea 1 may also act as a proton donor (i.e. a Brønsted acid) in certain catalytic processes, particularly in those wherein C-O bond formation (or cleavage) is accompanied by proton transfer (acetalization, glycosylation, or reactions with epoxides and peroxides). These results have practical implications since different strategy is needed for synthetic developments utilizing hydrogen-bond or Brønsted-acid catalysis.
Supporting Information. Details regarding the computational analysis, complete references of the program packages, total energies and Cartesian coordinates for the considered stationary points, and experimental details with NMR spectra. This material is available free of charge via the Internet at http://pubs.acs.org.
